In this study, we examine thermodynamic photoinduced disorder in AlGaN nanowires through their steady-state and transient photoluminescence properties. We correlate the energy exchange during the photoexcitation and photoemission processes of the light-solid reaction and the generation of photoinduced entropy of the nanowires using temperature-dependent (6 K to 290 K) photoluminescence. We observed an oscillatory trend in the generated entropy of the system below 200 K, with an oscillation frequency that was significantly lower than what we have previously observed in InGaN/GaN nanowires. In contrast to the sharp increase in generated entropy at temperatures close to room temperature in InGaN/GaN nanowires, an insignificant increase was observed in AlGaN nanowires, indicating lower degrees of disorder-induced uncertainty in the wider bandgap semiconductor. We conjecture that the enhanced atomic ordering in AlGaN caused lower degrees of disorder-induced uncertainty related to the energy of states involved in thermionic transitions; in keeping with this conjecture, we observed lower oscillation frequency below 200 K and a stable behavior in the generated entropy at temperatures close to room temperature.
I. INTRODUCTION
Combining several forms of inorganic compounds based on silicon and group-III-nitride semiconductor materials into one electronic system has shown promise for revolutionizing the electronics industry. [1] [2] [3] [4] [5] Realizing AlGaN nanowire-based, high-performance, and droop-free ultraviolet (UV) semiconductor optoelectronic devices with complex heterostructures is now possible thanks to the nanowire sidewall strain relaxation, which allows for the integration of lattice-mismatched group-III-nitride materials without creating dislocations. [6] [7] [8] Using a variety of growth techniques, 9, 10 AlN and its alloys Al x Ga 1x N (0 < x ≤ 1) are expected to facilitate the fabrication of more sensitive UV photodetector devices, 11, 12 ultralow-threshold UV lasers, 13 and reduce polarization fields. 14, 15 GaN-based nanowire devices have high quantum efficiencies, 16, 17 sharp peaks of density of states at the lowest quantized sub-band energy levels, 18 improved exciton binding energy, 19 and increased wavefunction overlap of the electron-hole pairs. 20 Moreover, designing heterojunctionbased optoelectronic devices through the integration of three-dimensional (3D) group-III-nitride materials with two-dimensional (2D) transition metal dichalcogenide layers is now possible after determining their band offset parameters. [21] [22] [23] [24] Connie et al. investigated the optical and electrical properties of deep-UV (DUV) magnesium-doped AlN nanowires with a low magnesium acceptor thermal activation energy of 23 meV within the temperature range of 300 K-450 K. 25 They argued that the p-type conduction is dominated by hopping conduction. Still, in the absence of common impurity incorporation and vacancy centers, such as the growth-induced formation of carbon impurities 26, 27 and nitrogen-vacancy related defects, 25 non-radiative surface recombination affects the performance of nanowire devices grown using molecular beam epitaxy (MBE), as the quantum efficiency of nanowire optoelectronic devices can be limited by the increased density of surface trap states (Shockley-ReadHall recombination) 28 and the filling of inner-shell vacancies (Auger recombination). 29 GaN-based nanowires have recently emerged as the center of attention as potential building blocks for future nanostructured long-term stable opto-electrothermal devices. [30] [31] [32] Even though GaN nanowire-based devices, including tunnel-injected DUV light-emitting diodes (LEDs) 33 and LEDs for monolithic metal-optoelectronics 34 and high-power light emitters, 35 have recently been realized, understanding and optimizing the electrothermal characteristics 36, 37 of GaN-based nanowires is critical for identifying and achieving their full potential in opto-electrothermal device applications. 38, 39 As a consequence of the thermal activation of non-radiative recombination channels, we observed an increasing trend in the amount of generated photoinduced entropy of the InGaN nanowire system as its temperature approached room temperature, which is a valid assessment of the thermodynamic disorder in photoluminescent semiconducting materials. 40 Furthermore, the non-radiative photocarrier recombination lifetimes in nanostructured materials are naturally shorter than those of bulk structures owing to their higher surface-to-volume ratios.
II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Sample description and experimental setup
We utilized temperature-dependent photoluminescence (PL) to investigate the photoinduced entropy of AlGaN nanowires. We recalled our definition of photoinduced entropy as a thermodynamic measure of the unavailability of a system's energy for conversion into useful work because of luminescence refrigeration. [40] [41] [42] We also examined the dynamics of photocarriers using time-resolved photoluminescence (TRPL) down to the picosecond regime. Fig. 1 (A) depicts the schematic layer structure of our AlGaN nanowires, with the c-axis along the direction of growth normal to the silicon substrate surface. The nanowires were grown using plasma-assisted MBE. 35, 40 The nanowires consisted of 10 nm unintentionally-doped GaN nanobuffers and approximately 290 nm unintentionally doped AlGaN layers grown sequentially. Before the growth of AlGaN, thin GaN nanowire array template was grown to promote the formation of AlGaN nanowires. 43 We measured the PL and TRPL using a frequency-tripled Ti:sapphire laser with a pulse width (τ on ) of 130 fs and a syncroscan streak-camera system. A third harmonic generator, with an output wavelength (λ ex ) of 266 nm and a pulse repetition rate ( f rep ) of 76 MHz, was employed to excite the sample. The TRPL measurements were used to examine the carrier lifetimes in the AlGaN nanowires over a temperature (T ) range from 6 K to 290 K. The overall temporal resolution of our setup was 10 ps. Fig. 1(B) depicts a tilted plan-view scanning electron microscope (SEM) image, with a nanowire mean top cross-sectional size (2r NW ) of 55 nm, while Fig. 1(C) shows a tilted crosssectional-view SEM image of the nanowires. The larger diameter nanowires could be due to bundling effects. 44, 45 B. Steady-state and transient photoluminescence measurements
In Fig. 2 and Fig. 3 , we present typical luminescence PL spectra and TRPL decay curves, respectively, for an ensemble of AlGaN nanowires at various temperatures. Charge carrier dynamics (e.g. the characteristic charge carrier mobility and lifetime) reflect the nature and quality of semiconductor device materials, 46 and is influenced by device architecture, the nature and dimensions of the materials and interfaces involved, and operational mode. 47 Examples include semiconducting zero-dimensional (0D) nanocrystals (NCs) and quantum dots (QDs), 48, 49 1D nanowire solar cells, 50 two-dimensional (2D) GaN, 51 and three-dimensional (3D) InGaN/GaN core-shell nanorods 52 and nanoscale silicon-based transistors, 53 ,54 which can demonstrate opto-electrical, photovoltaic, and signal switching properties superior to those of their bulk and large-area counterparts.
FIG. 2. Typical semilogarithmic scale AlGaN-related PL spectra for the AlGaN nanowires at various temperatures from 6 K and 290 K. In the inset, we fitted a Gaussian model to the linear scale PL data at 6 K to distinguish the dominant LE peak from the integrated PL emission. In particular, surface states on group III-V nanowire-based photodetectors, in addition to the presence of impurities and defect sites, can introduce a serious degradation in the free charge carrier lifetime. 55 We analyzed the TRPL decay curves using a biexponential decay model. This model provided the most proper fit because of its multi-center recombination characteristics as it accounted for carrier capture and relaxation processes in a multilevel system. [56] [57] [58] In other words, the biexponential model best fit the ultrafast carrier thermalization dynamics (the initial fast decay) and the slower carrier cooling effects 59 (slow decay) that were characteristic of our measured AlGaN nanowires, thus enabling individual analysis of fast and slow components. 60 Using Vegard's law, the aluminum composition in the AlGaN nanowires was calculated and found to be approximately 18%. We fitted our TRPL decay curves using a biexponential decay model because it better depicted the multiple recombination characteristics exemplified by the curves. 61, 62 Typically, Auger recombination is negligibly small in wide-bandgap semiconductors. 63 Fig. 4(A) shows the peak energy of emission (E PL, peak ) curves of the integrated and low-energy (LE) peak-related PL emissions from the Al 0.18 Ga 0.82 N nanowires, while Fig. 4(B) and Fig. 4(C) display the integrated PL intensities (E PL, intg ) and spectral width (λ FWHM ), respectively, as a function of temperature. Between 6 K and 150 K, we observed a redshift in E PL, intg , which we attributed to thermal relaxation of electric charges induced by spontaneous and piezoelectric polarization fields. 64 Beyond 150 K, band-filling 65 and/or grain boundary excitonic localization effects may have started to dominate, and hence we observed a blueshift in E PL, intg . 66 Ajia et al. found that as the aluminum content decreased in metalorganic chemical vapor deposition (MOCVD)-grown AlGaN/AlGaN multiquantum-wells (MQWs), the average height of the grains decreased while the average diameter of the grains increased, which caused localization within the grain boundaries and hence the blueshift above 150 K. Such behavior was attributed to the disparity in the respective adsorption rates of gallium and aluminum adatoms. Grain boundaries were found to exist in MBEgrown GaN nanowires. 67 Motayed et al. reported that grain boundaries can exist in MBE-grown GaN nanowires, although their effects on carrier transport properties diminished as their diameter became smaller. 68 In Fig. 5(A) , we show the slow-component of the total carrier recombination lifetimes (τ PL, slow ) extracted from fitting the biexponential decay model to the TRPL data, which gradually drop as the temperature increases. At low temperatures (i.e. between 6 K to 80 K), the measured lifetime fluctuated between 222 ps and 238 ps. The decrease in lifetime with increasing temperature indicates that the non-radiative contribution decreases, which we attribute to surface defect states. 69 Because quantum confinement effects are absent in our nanowires, less efficient radiative recombination of photoexcited carriers is achieved, although the possible presence of grain-boundary-induced carrier localization effects enhances the radiative recombination efficiency. As we previously noted, 40 the entropy of a system sets an upper limit on the number of emitted photons from an active region and is always positive-emitted photons transport entropy produced by the absorption of heat from the active region. [70] [71] [72] We recall our definition of the change in entropy S due to photoexcitation and photoemission 40 
C. Carrier localization and photoinduced entropy
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where E j is the total energy of the system at temperature T j . Put differently, we let E 1 < . . . < E 13 denote the sorted total energies, and T j be the system temperatures corresponding to each E j . AIP Advances 7, 125113 (2017)
FIG. 5. (A)
The extracted τ PL, slow values of the AlGaN nanowires as a function of temperature and (B) the integrated and LE-peak-related evolution of the amount of entropy generation with temperature.
As Fig. 5(B) shows, the evolution in the entropy generation curve manifested an oscillatory trend between 6 K and 200 K, with an oscillation frequency that was significantly lower than what we previously observed in In 0.32 Ga 0.68 N. 40 The oscillatory trend stabilized after 200 K. In contrast to what we previously observed in In 0.32 Ga 0.68 N, there was no significant increase in the amount of generated entropy as the temperature approached room temperature. In the presence of non-radiative recombination centers in our nanowires caused by surface states and other defects, we expected additional entropy to be generated because of the irreversible nature of non-radiative processes. 70, 73 However, in our present case, entropy generation was nearly constant above 200 K. We hypothesize that surface defect states dominantly contributed to entropy generation above this temperature, and conjecture that the Al 0.18 Ga 0.82 N alloy composition fluctuations, 74 which are intrinsic in localized states that are present in only very small sections (<2 nm), 75 contributed to the lower degrees of disorder-induced uncertainty related to the energy of states involved in thermionic transitions at higher temperatures because of the effects of atomic ordering. [76] [77] [78] To support this hypothesis, we fitted the following stretched-exponential decay model to our TRPL decay curves
where I(t, T j ) is the TRPL intensity as a function of time and temperature, and β(T j ) is the stretching parameter (between 0 and 1) at temperature T j . The latter is linked to the distribution of the carrier localization centers. 79 This model, which has widely been used to describe the dynamics of heavily disordered systems, 80, 81 provides a direct measurement of the effects of high excitation carrier density and disorder within the material, 82 such as compositional variation in nanowires. 34 As can be seen in Fig. 6, β between 0.63 and 0.65 at temperatures above 100 K, indicating a behavior that was nearly independent of T, therefore confirming the low compositional disorder within the measured Al 0.18 Ga 0.82 N nanowires.
III. CONCLUDING REMARKS
In summary, we investigated the photoinduced entropy of Al 0.18 Ga 0.82 N nanowires and analyzed the related photocarrier dynamics. We observed an oscillatory trend in the generated entropy of the system below 200 K, with an oscillation frequency that was significantly lower than what was previously observed in In 0.32 Ga 0.68 N nanowires. Moreover, we did not observe any sharp increase in generated entropy at temperatures close to room temperature in Al 0. 18 
